Open Access Article. Published on 08 d’ octubre 2025. Downloaded on 28/1/2026 20:59:33.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials
Advances

W) Check for updates ‘

Cite this: Mater. Adv., 2025,
6, 8936

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Facile and green carboxylation of never-dried
bacterial cellulose produced from low-cost
substrates: structural characterization and

copper binding performance

Mohammad Sadegh Jafari,? Samaneh Ghadami,® Shobha Mantripragada,”

Kristen Dellinger,” Jeffrey R. Alston

© and Dennis R. LaJeunesse () *?

In this study, bacterial cellulose production was optimized using molasses and cheese whey via response

surface methodology, a central composite design approach. Using Gluconacetobacter hansenii, the effects of
sugar, protein, pH, and acetic acid were evaluated, resulting in a 6.85-fold yield increase from 0.9 (HS media)
to 6.17 g L™, The produced BC was hydrolyzed with sulfuric acid to generate bacterial cellulose nanocrystals

(BCNCQ), followed by functionalization through the Fenton reaction to synthesize carboxylated BCNC (BCNC-

H). Structural analyses using FTIR and XPS confirmed successful carboxylation, with the O/C ratio increasing

from 0.55 (BC) to 0.68 (BCNC-H). Zeta potential measurements demonstrated a significant increase in the
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absolute negative surface charge (—22.53 mV for BC vs. —37.46 mV for BCNC-H). SEM images revealed a
substantial reduction in fiber diameter after sulfuric acid treatment and the Fenton reaction (BC > BCNC >
BCNC-H). Thermal and crystallinity properties were also evaluated. Finally, BCNC-H exhibited excellent Cu®*

adsorption capacity (164 + 8.07 mg g%, representing a 173% increase over unmodified BC, highlighting its

rsc.li/materials-advances

1. Introduction

Clean drinking water is essential for human civilization.
However, rapid population growth has increased the demand
for high-quality water. Industrialization and technological
advancements have led to the generation of vast amounts of
waste, which contaminate the water supply. Of this waste, heavy
metals from a variety of industries including mining and
semiconductor manufacturing, are among the most dangerous
and difficult to clean and detect." Certain heavy metals in small
amounts, such as copper (Cu), are essential for biological
functions, including enzyme activity and tissue development.”
At higher concentrations, copper becomes toxic, accumulating
in the brain, kidneys, heart, and liver, resulting in symptoms
such as vomiting, diarrhea, stomach cramps, nausea, and
even death.>* Copper is the third most widely used metal
globally and after mercury, the second most toxic element in
drinking water.>® Therefore, the development of effective and
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potential as a sustainable and efficient biopolymer-based adsorbent for water and wastewater treatment.

sustainable methods for copper removal from wastewater is of
paramount importance.

Various approaches have been used for copper remediation,
including filtration, precipitation, ion exchange, electrochem-
istry, and solvent extraction.” However, the removal of even
trace amounts of heavy metals in the solutions using these
methods is economically and technically unfeasible. In contrast,
adsorption has emerged as a highly promising method due to its
simplicity, cost-effectiveness, regenerative ability, and compati-
bility with low concentrations of non-biodegradable pollutants.””®
Cellulose is an excellent material for such applications. With
abundant surface hydroxyl groups (-OH) and capacity for
chemical modification, regenerative ability, and excellent
mechanical strength, cellulose is an ideal candidate for the
removal of metals from aqueous solutions.”'® Mild treatment
of cellulose with sulfuric acid (H,SO,) not only produces
cellulose nanocrystals (CNCs) with a higher specific surface
area but also esterifies surface hydroxyl groups, introducing
sulfate groups (-0SO;~)."* Cellulose functionalized with these
sulfate groups results in a negative surface charge, thereby
improving the colloidal stability of the resulting CNCs in the
suspension.'? Oxygen, nitrogen, and sulfur atoms in functional
groups such as carboxyl groups (-COOH), amines, and thiols
often form strong chelation bonds with heavy metal ions.'?
Consequently, grafting these functional groups onto the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cellulose surface can enhance its capacity for metal ion adsorp-
tion." Although 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
and ammonium persulfate (APS) are widely employed to
introduce these functional groups, both approaches are asso-
ciated with environmental and technical limitations, such as
the generation of toxic byproducts, prolonged reaction dura-
tions, and elevated costs."”'® In contrast, hydrogen peroxide
(H,0,) is a greener oxidizing agent that decomposes into
water and oxygen, making it more suitable for sustainable
applications.

Plant-based cellulose is often accompanied by different
kinds of impurities like lignin, hemicellulose, and pectin, and
its purification requires chemical processes that may damage
its structure or contribute to further environmental pollution.”
Alternatively, bacterial cellulose (BC) is the purest form of
cellulose produced by bacteria such as Gluconacetobacter han-
senii (G. hansenii) and Gluconacetobacter xylinus."® However, the
application of BC is limited due to the high production cost.
To address this, cost-effective substrates such as agricultural
and dairy by-products have been explored for BC production.
Molasses and cheese whey are particularly promising due to
their high sugar and protein contents, respectively.'® Cheese
whey, a byproduct rich in lactose and growth factors, is gener-
ated in large quantities worldwide, approximately 178.5 billion
liters annually, and poses significant environmental risks due
to its high chemical and biological oxygen demand (COD,
BOD),*® which can reach up to 40000 mg L~ ".>" Although G.
hansenii cannot metabolize lactose, combining molasses
and cheese whey provides an effective, low-cost medium with
minimal environmental footprint.?*?* To optimize a medium
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for a complex biological process influenced by multiple vari-
ables, response surface methodology (RSM) offers a more
systematic and efficient optimization strategy compared
to traditional techniques like the one-factor-at-a-time (OFAT)
method.>® Central composite design (CCD), a form of RSM,
allows for the evaluation of multiple parameters and their
interactions, providing statistically robust optimization for
process conditions.*

In this study, BC was produced using G. hansenii (ATCC
23769) cultivated in a medium composed of molasses and
cheese whey. For the first time, CCD-RSM was applied to
optimize BC production in a molasses-cheese whey medium
by assessing the effects of total sugar concentration (g L),
total protein concentration (g L"), acetic acid (% v/v), and pH.
The resulting BC was hydrolyzed with sulfuric acid to obtain
BCNCs, which were subsequently carboxylated using the Fen-
ton reaction, a green and sustainable approach, for wet BCNC
modification using FeSO,-7H,0 and H,0, to introduce -COOH
groups. Based on the available literature, there appears to be no
prior investigation into the application of the Fenton reaction
to carboxylate wet BCNC. The materials (BC, BCNC, and BCNC-
H) were characterized using scanning electron microscopy
(SEM), Fourier-transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), and X-ray photoelectron spectroscopy (XPS).
Surface charge and thermal properties were evaluated through
zeta potential and thermogravimetric analysis (TGA and DTG).
Finally, the copper adsorption capacity of BCNC-H was inves-
tigated, highlighting its potential as a sustainable, high-
performance adsorbent for heavy metal remediation in con-
taminated water systems (Fig. 1).
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Fig. 1 The schematic diagram of BC production using a low-cost medium optimized through RSM approach, and the synthesis of carboxylated bacterial

cellulose nanocrystals for Cu®*
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2. Materials and methods

2.1. Materials

BC pellicles were obtained from the static culture of G. hansenii
(ATCC 23769, American Type Culture Collection, Manassas,
VA, USA), as previously described.”® The working culture was
stored at 4 °C in Hestrin-Schramm (HS) agar medium and
sub-cultured biweekly. The stock culture was maintained in
20% (v/v) glycerol at —80 °C. Sugar cane molasses was pur-
chased from Grandma’s Company, and cheese whey was pre-
pared in the lab using the following protocol: one US gallon of
whole milk (3.8 L) was heated to 95 °C for 20 min. Then, 25 mL
of apple vinegar was added to induce separation of the cheese
curds from the greenish liquid (cheese whey). Cupric sulfate
anhydrous (CuSO,) and ferrous sulfate (FeSO,-7H,0) were
purchased from Sigma, US.

2.2. BC production and growth conditions

2.2.1. Inoculum preparation. The strain was cultivated
under static conditions in Hestrin-Schramm medium contain-
ing 2% (w/v) glucose, 0.5% (w/v) yeast extract, 0.5% (w/v)
peptone, 0.27% (w/v) sodium phosphate dibasic (Na,HPO,),
and 0.115% (w/v) citric acid at 30 °C. The medium’s pH was
adjusted to 5.5 using 1 M HCI or NaOH, then sterilized by
autoclaving at 121 °C for 20 min. The culture grew until an
optical density (OD) of 0.9 at 600 nm was reached. The seed
culture was then vigorously shaken to release bacteria trapped
within the pellicles into the medium, and a 10% (v/v) inoculum
was added to either the main culture or the control (HS
medium).

2.2.2. Optimization of BC through CCD and analysis of
data. A CCD method with four independent variables was used
to determine optimal conditions for BC production (dried
weight, g L") using a low-cost medium composed of molasses
and cheese whey. The variables included total sugar concen-
tration (A, g L"), total protein concentration (B, g L"), acetic
acid concentration (C, % (v/v)), and pH (D). Each factor was
tested at five levels (—a, —1, 0, +1, and +u), with +a values set to
+2 based on Montgomery’s guidelines.”® Table 1 provides the
parameter boundaries established from our previous study.”®
Design Expert software (version 7.1.5; Stat-Ease, Inc., USA,
Windows) was used to generate the experimental design matrix
and perform analysis. The model was evaluated with Fisher’s
statistical test for analysis of variance (ANOVA), and all three-
dimensional CCD graphs were created using Design Expert
software. Table S1 (SI) presents the experimental matrix, com-
prising 30 experiments, including 16 factorial points, 8 axial
points, and 6 center points. The response variable, dried BC

Table 1 Variables and their levels for CCD
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production (g L™'), was measured under static conditions at
30 °C after 8 days of cultivation. All experiments were carried
out independently in triplicate, following the sequential order
outlined in Table S1. The average dried BC values are reported
in Table S1.

2.3. Treatment of sugar cane molasses

Acidic hydrolysis of sugarcane molasses was conducted accord-
ing to the literature.”® In brief, a 200 mL solution of sugar cane
molasses (800 g L) was centrifuged at room temperature at
10 000 rpm for 20 min to separate and remove solid materials.
The pH of the resulting supernatant was adjusted to 3.6 by
adding 4 N H,SO,, and the mixture was left for 24 h before
centrifuging again at 10 000 rpm for 20 min. The supernatant
was then heated at 90 °C for 3 h to fully convert sucrose into
glucose and fructose. After cooling overnight, it was centrifuged
again at 10000 rpm for 20 min, and the supernatant was
neutralized using 10 M NaOH. The solution was stored for
48 h, with daily centrifugation at 10 000 rpm for 20 min to
remove residual solids. The final supernatant was identified as
H,SO,-heat-treated molasses.

2.4. Sugar analysis

2.4.1. Total sugar analysis. The phenol sulfuric acid
method was used to determine the total carbohydrate content
(g L") in the culture media.*” In summary, 1 mL of 5% w/w
phenol solution was added to 1 mL of each sample in a tube.
Subsequently, 5 mL of concentrated sulfuric acid (98%) was
added to each tube. The tubes were shaken vigorously
and allowed to cool to ambient temperature. Finally, the color
intensity of the resulting solution was measured at
490 nm using a spectrometer, with p-glucose as the calibration
standard.

2.4.2. Reducing sugar analysis. Reducing sugar concen-
tration (g L) was measured using the dinitrosalicylic acid
method.?® In brief, 3 mL of DNS reagent was added to 3 mL of
each sample in a tube. The tubes were heated in a boiling water
bath for 5 min, followed by the addition of 1 mL of 40%
potassium sodium tartrate (Rochelle salt). To stop the reaction,
the tubes were cooled to ambient temperature under running
water. The color intensity of the resulting solution was then
measured at 575 nm using a spectrometer, with p-glucose
serving as the calibration standard.

2.5. BC purification and quantification

After 8 days of cultivation, the BC pellicles were soaked in 0.1 N
NaOH solution, with the solution refreshed every 12 h over
2 days to remove the brownish color and turn the pellicles

Variable Unit Symbol Low axial (—x) Low factorial (—1) Center point (0) High factorial (+1) High axial (+o)
Total sugar (molasses) gLt A 20 25 30 35 40

Total protein (cheese whey) gL' B 3.25 3.8 4.35 4.89 5.44

Acetic acid % (viv) C 0.15 0.25 0.35 0.45 0.55

pH — D 5.05 5.4 5.75 6.10 6.45
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white. Then, the pellicles were treated with 0.1 N NaOH at 95 °C
for 1 h to remove any bacterial biofilm, leaving only the BC
matrix. The pellicles were then thoroughly washed with dis-
tilled water until reaching a neutral pH. After washing, they
were carefully weighed and dried in an oven at 70 °C until a
constant mass was achieved. The dried weight was used to
calculate the production yield in g L' (dry weight of BC (g)/
volume of the original culture media (L)). Additionally, the
productivity was expressed in g L™" day ' (dry weight of BC/
(volume of the original medium/number of cultivation days)).
Furthermore, medium efficiency was calculated based on BC
production (g L") relative to total sugar consumption (g L™1).
For metal adsorption experiments, the purified wet pellicles
were further processed with either H,SO, or H,0, treatment, as
outlined in Section 2.6.

Dried BC(g)

B i ield = 1
€ production yield Culture medium volume (1) (1)
. Dried BC(g)
BC ductivity = 2
productivity (Culture medium volume (1) x day) 2)
BC production yield (g L™!
Medium efficiency (%) — —C Productionvield (gL ™) 1,
Total sugar consumption (g L~1)
®3)

2.6. BCNCs and BCNCs-H preparation

BCNCs were prepared following previously reported methods
with minor modifications.?**° Briefly, purified wet BC pellicles
were disintegrated into a BC paste using a laboratory blender at
6000 rpm for approximately 20 minutes at 20 °C. The resulting
BC paste was centrifuged at 10 000 rpm for 15 min at 20 °C to
remove excess water. For BCNC synthesis, 5 g of BC paste was
dispersed in 50 mL of 50% (w/w) sulfuric acid and heated at
45 °C for 1 hour under vigorous magnetic stirring. The reaction
was quenched by diluting the system 5-fold with cold distilled
water, followed by centrifugation at 10000 rpm for 15 min
at 20 °C to separate crystals from acid. The crystals were
washed multiple times with distilled water and centrifuged at
10000 rpm for 15 minutes at 20 °C until the pH reached
approximately 4.5.

To prepare BCNCs-H, a modified version of the method
proposed by Fan et al. was used." Three grams of wet BCNC
produced in the previous stage was dispersed in 33.5 mL of
distilled water. Subsequently, 100 pL of fresh 0.1 M FeSO,-7H,O
solution was added to the mixture followed by adjusting the pH
to 3.5 using 1 M HCI. The mixture was heated up to 42 °C under
stirrer condition (260 rpm). After reaching the temperature of
42 °C, 16.5 mL of 30% (w/w) H,0, was added dropwise to the
mixture in 1 hour. The reaction continued for more 1.5 hours
(2.5 hours from adding the first drop of H,0,) to convert BCNCs
to BCNCs-H. Next, the mixture was centrifuged at 10000 rpm
for 15 min at 20 °C to remove excess H,O, from the crystals. The
crystals were washed and centrifuged three times. Finally, the
resulting BCNCs-H suspension was dialyzed against distilled

© 2025 The Author(s). Published by the Royal Society of Chemistry
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water using a dialysis membrane with a molecular weight cutoff
of 3500 Da to neutralize the suspension and remove low-
molecular-weight impurities. The dialysis water was replaced
every 12 hours to ensure effective purification. Finally, the
purified BC without treatment, BCNCs or BCNCs-H were
freeze-dried at 0.01 bar and —50 °C. The freeze-dried crystals
were ground using a laboratory mortar and pestle. The pre-
pared samples were used for subsequent copper adsorption
studies, as well as SEM, FT-IR, XRD, XPS, and thermal gravi-
metric analysis.

2.7. Characterization of BC, BCNC, and BCNCs-H

To investigate the impact of sulfuric acid treatment and the
oxidation process on the morphology, surface characteristics,
and structure, each sample was analyzed using SEM, FTIR,
XRD, zeta potential, and TGA. BC, BCNC, and BCNC-H refer to
pure bacterial cellulose without treatment, BC after sulfuric
acid treatment, and BCNC after oxidation via the Fenton
reaction, respectively. BCNC-H and BC (control) were used to
study the effect of -COOH groups on copper ion adsorption.
Additionally, XPS analysis was performed on BC and BCNC-H
(before and after adsorption) to examine surface coverage and
binding mechanisms.

2.7.1. Morphology characterization. To study the morphol-
ogy of the samples, freeze dried BC, BCNC, and BCNC-H were
observed using a JEOL JSM-6700F field emission scanning
electron microscope (FE-SEM) operating at 5 kV. Scale bars
were added using Image] software, developed by the U.S.
National Institutes of Health in Bethesda, Maryland, USA. Fiber
width measurements were conducted using image J software
across 200 random points for each sample.

2.7.2. FTIR spectroscopy. FTIR measurements were
recorded through a Thermo Fisher Nicolet iS50 FTIR in the range
of 400-4000 cm ™" with a resolution of 16 cm ™" for 32 scans at
ambient temperature.

2.7.3. XRD. XRD profiles of BC, BCNC, and BCNC-H were
collected at room temperature in the 20 range of 5°-30° with a
step size of 0.05° and scan speed of 2° min~" using a Rigaku
SmartLab equipment with Cu-Ka radiation (4 = 0.154 nm)
generated at 40 kV and 40 mA. SmartLab Studio II (version
4.6.426.0) software was used to analyze the diffraction dia-
grams. The sample crystallinity index (CrI) % was calculated
using the Segal method®" with the following equation:

Crl% = (M) % 100 (4)
To
where I, and I, are the peak intensity of [110] at 20 = 22.7°,
and [010] at 20 = 18°, respectively.

The crystallite sizes (CrS) (nm) were calculated using Scher-
rer’s equation®” as shown in eqn (5):

K
- pcosb (5)

CrS

K is the shape factor, which depends on the method used to
determine the peak breadth (K = 0.94 in this study). 4 repre-
sents the wavelength of the incident X-ray (1 = 0.154 nm),

Mater. Adv.,, 2025, 6, 8936-8951 | 8939
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p is the full width at half maximum intensity (FWHM) in
radians, and 0 is the peak center angle.

2.7.4. XPS. XPS spectra were recorded using an ESCALAB Xi
spectrometer (Thermo Fisher Scientific) equipped with mono-
chromatized Al Ko radiation (hv = 1486.7 eV), with the anode
operated at 225 W and 30 kV. All spectra were calibrated using
the C 1s peak at 284.8 eV. Data deconvolution was performed
using Thermo Avantage software. The instrument operated at a
working pressure of 6 x 10~ mbar.

2.7.5. Zeta potential. The zeta potential of the samples at
different pH levels (3-9) was measured using a Malvern Zeta-
sizer ultra (UK) at 25 °C. For each measurement, 3 mg of wet
samples (BC, BCNC, and BCNC-H) were dispersed in 10 mL of
distilled water. The pH was adjusted using 0.1 M HCI or 0.1 M
NaOH. The dispersions were sonicated in a water bath for 1
hour, followed by vortexing for 5 minutes before analysis. To
obtain 3 mg of wet samples (BC, BCNC, and BCNC-H), each
suspension was centrifuged at 10000 rpm for 15 minutes at
20 °C to remove the water. The separated samples were then
centrifuged again under the same conditions to eliminate
excess water and prepare them for weighing. The reported zeta
potential values represent the average of five measurements,
with each measurement conducted in triplicate.

2.7.6. Thermal gravimetric analysis. Thermal gravimetric
analysis (TGA) and the derivative of thermogravimetric (DTG) of
BC, BCNC, and BCNC-H were studied using a TGA instrument
(TGA 5500, USA). Approximately, 10 mg of each sample was
heated up in the range of 20 °C to 600 °C using a 100 mm
platinum pan. The nitrogen gas flow rate and the heating rate
were set to 25 mL min~ ' and 10 °C min ", respectively. The
weight loss (%) and the first derivative of the weight loss (%)
were plotted against the temperature.

2.8. Adsorption experiments

Adsorption experiments were conducted through a batch-wise
technique. All the experiments were carried out using a shaker
at 100 rpm under an ambient temperature (25 °C). To study the
impact of carboxyl groups on copper adsorption, 2.5, 5, and 10
mg of each adsorbent (BC and BCNC-H) was added to 20 mL of
a 50 mg L' copper solution at pH 5. The mixtures were placed
in 125 mL flasks and stirred for 3 hours to ensure equilibrium
was reached. The adsorption efficiency (%) and uptake capacity
of the adsorbents (mg g~ ') after 3 hours were calculated using
eqn (6) and (7).

S (%) = (%) % 100 ©)

o= (%) <V @)

where C,, C;, m, and V represent the initial concentration of
copper in the solution (mg L™ 1), the copper concentration after
3 hours (mg L"), the absolute dry mass of the adsorbent (g),
and the volume of the copper solution (L), respectively. All
experiments were performed in triplicate, and the results are
presented as the mean =+ standard deviation (SD). Copper ion

8940 | Mater. Adv, 2025, 6, 8936-8951
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concentrations in the solution were measured using an Agilent
7900 ICP-MS.

3. Results and discussions

3.1. Optimization of BC through CCD and analysis of data

RSM through a CCD approach was applied to investigate
individual and interactive effects of the studied parameters
including total sugar and total protein concentration (g L™ %),
acetic acid concentration % (v/v), and the initial pH of the
culture media. According to the results shown in Table S1 the
highest yield (g L") is associated with experiment 19, where
total sugar, total protein, acetic acid, and pH set at 25 (g L),
3.8 (g L"), 0.45% (v/v), and 6.1; under these conditions,
the average BC production was 6.17 + 0.19 (g L"), and 93%
(23.25 g L") of initial total sugar were consumed after 8 days of
the cultivation. This represents a 6.85-fold increase compared
to the BC production of control samples using HS medium
which resulted in the production of 0.9 + 0.08 g L™ of BC.
Based on material costs, the molasses—cheese whey medium
used in this study reduced the production cost of 1 g of dried
BC to 0.105 USD, representing an approximately 65-fold
decrease compared to the synthetic HS medium (6.915 USD).
Based on the ANOVA analysis of the experiments shown in
Table 2, a quadratic model was proposed to explain the relation
between the response (BC yield (g L™")) and the studied factors.
The statistical significance of the model with an F-test of
20.83 and p-value <0.0001 confirms that the model is signifi-
cant. Additionally, the lack of fit, p = 0.2391, is not significant,
indicating that there is just a 23.91% chance that a “lack of fit
F-value” this large could occur due to noise. The second-order
polynomial equation describing the relationship between the
response and the studied factors (based on actual factors) is:

Y = —82.91+ 0.8A + 15.08B + 20.9C + 14.65D
+0.093AB — 0.44AC — 0.014AD — 1.41BC
—0.605BD — 0.55CD — 0.019A2 — 1.64B>
—0.366C2 — 0.95D?

where Y, A, B, C, and D were BCyield (g L"), total sugar (g L),
total protein (g L™'), acetic acid concentration % (v/v), and the
initial pH of the medium, respectively. The coefficient of
determination (R*) indicates the extent to which the variability
in the observed response values can be explained by the model.
An R? value of 0.9511 indicates that over 95% of the response
variation can be explained by the proposed model. Fig. S1
shows the actual values versus the predicted values for each
experiment using eqn (8). The adjusted R*, which considers the
sample size and number of variables, is also satisfactory at
0.9054 and is close to the R* value.

The optimization function of the Design Expert software was
used to identify the optimal conditions for BC production
based on the investigated factors. To maximize the yield the
software set total sugar (g L™, total protein (g L"), acetic acid
% (v/v), and the initial pH of the medium to 21.76, 3.84, 0.55,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 ANOVA analysis of CCD experiments and quadratic model
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Source Sum of squares Dy Mean square F-Value p-Value

Model 33.89 14 2.42 20.83 <0.0001 Significant
A-molasses 17.70 1 17.70 152.29 <0.0001 Significant
B-cheese whey 0.99 1 0.99 8.54 0.0105 Significant
C-acetic acid 0.90 1 0.90 7.79 0.0137 Significant
D-pH 0.59 1 0.59 5.13 0.0387 Significant

AB 1.03 1 1.03 8.90 0.0093 Significant

AC 0.78 1 0.78 6.74 0.0202 Significant

AD 0.01 1 0.01 0.093 0.7635 Not significant
BC 0.09 1 0.094 0.81 0.3806 Not significant
BD 0.21 1 0.21 1.83 0.1955 Not significant
CD 0.005 1 0.005 0.05 0.8244 Not significant
A> 6.23 1 6.23 53.60 <0.0001 Significant

B> 6.52 1 6.52 56.10 <0.0001 Significant

c? 0.0003 1 0.0003 0.003 0.9558 Significant

D? 0.37 1 0.37 3.19 0.0940 Not significant
Residual 1.743923 15 0.11 Not significant
Lack of fit 1.38 10 0.13 1.94 0.2391 Not significant
Pure error 0.35 5 0.071

Cor total 35.64309 29

R 0.9511

Adj R? 0.9054

Pred R* 0.7613

Adeq precision 17.59

and 6.15, respectively. The predicted BC production under
these optimal conditions was 6.25 (g L™'). To validate the
prediction, experiments were conducted in triplicate at the
suggested optimal point and the observed BC production was
6.13 + 0.17 g L', which was not significantly different from the
predicted value (p > 0.05). In our previous study,”®> OFAT
method was employed to study the impact of total sugar in
molasses (g L"), total protein in cheese whey (g L"), acetic
acid concentration % (v/v), and initial pH on BC production.
Using the OFAT method resulted in BC production of 5.11 g L™"
in a medium containing 30 g L™" total sugar, 4.34 g L' total
protein, 0.4% (v/v) acetic acid, and an initial pH of 6. However,
applying a CCD approach led to a higher BC yield of 6.17 g L™ ?,
a 20.7% increase in production. Furthermore, the medium
efficiencies for the CCD and OFAT methods were 26% and
19.57%, respectively. These findings demonstrate that utilizing
CCD instead of traditional methods improves efficiency, saving
both time and cost. Rodrigues et al.** used the CCD method for
BC production and reported a yield of 7.5 4+ 0.54 g L™ " after
nine days of cultivation. This yield was obtained with total
sugar consumption of 46.8 ¢ L™' and a media efficiency of
16.02%, which was remarkably lower than that observed in this
study. Although they, like in this study, used molasses as a
carbon source, they did not hydrolyze it. As a result, their media
contained sucrose, glucose, and fructose. In contrast, in this
study, molasses was hydrolyzed, thereby converting the disac-
charide sucrose into the monosaccharides, glucose and fruc-
tose, which are more favorable for biological processes and BC
production. Table 3 compares the BC productivity (g L™ day )
obtained in this research with values reported in other studies
using low-cost substrates under static conditions, indicating
that the present work demonstrates a promising strategy for
economical BC production. 3D surface graphs (Fig. 2) illustrate
the interactions between two factors at a time in relation to BC

© 2025 The Author(s). Published by the Royal Society of Chemistry

yield (g L™"), while the other factors remain at their zero levels.
Higher total sugar concentrations (30-40 g L™ '), regardless of
total protein concentration, were not suitable for BC produc-
tion (Fig. 2a). This may be attributed to the formation of
gluconic acid, a byproduct in the BC synthesis pathway, that
typically occurs in media with excess carbon sources.”*>*
However, lower total sugar concentrations, particularly when
total protein concentration was below 4.35 g L™, resulted in
higher BC yields. The carbon-to-nitrogen (C/N) ratio plays a
crucial role in biological processes such as BC production.
Thus, even at lower total sugar concentrations, higher protein
concentrations were not conducive to BC production. In this
study, the highest BC yield (6.17 g L™ ') was observed in
experiment 19, where the C/N ratio was 6.57. A previous
study®® using the OFAT approach reported the highest BC yield
at a C/N ratio of 6.9. Additionally, Zhang et al.* studied the
effect of C/N ratios on BC synthesis using Acetobacter xylinum
NUST4.2 and found that while a C/N ratio of 5.39 favored cell
growth, a ratio of 6.31 was optimal for BC production. Fig. 2b
depicts the interaction between total sugar concentration
(g L™") and acetic acid concentration (% v/v) and their influence
on BC yield. The data shows that adding acetic acid to media
with lower total sugar concentrations significantly enhanced
BC production. This might be due to the role of acetic acid in
the tricarboxylic acid (TCA) cycle, where it enters as an inter-
mediate component, thereby boosting ATP production.*® Addi-
tionally, acetic acid can increase glucose availability for BC
synthesis by participating in the gluconeogenesis pathway.?”
However, at higher total sugar concentrations, acetic acid
supplementation reduced BC production. This may be due to
the excess carbon source in the medium, which inhibits
bacterial growth, increases gluconic acid production, and sub-
sequently lowers the pH. Fig. 2c highlights the interaction
between pH and total sugar concentration on BC production,

Mater. Adv,, 2025, 6, 8936-8951 | 8941
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Table 3 Bacterial cellulose production using low-cost medium under static conditions in different studies

Nitrogen

Bacteria name Carbon source (g L’l) source

Culture volume (mL) Productivity

G. hansenii ATCC 23769 Molasses (25 g L")
G. hansenii ATCC 23769
Komagataeibacter europaeus
BCRC 14148
Komagataeibacter xylinus
BRP 2001 (ATCC 700178)
Komagataeibacter hansenii
ATCC 23769
Gluconacetobacter kombuchae Enzymatically hydrolyzed
(MTCC NO. 6913) rice straw (14.67 g L™ ") peptone
Lactiplantibacillus plantarum Enzymatically hydrolyzed prickly —

Molasses (30 g L™%)
Pineapple core hydrolysate
(30gL™)

Molasses (53.8 g L)

extract

Sisal juice (15 g L")

strain AS.6 pear peels (PPP) (12.09 g L)
Komagatacibacter xylinus Molasses (20 g L) —
PTCC1734 Enzymatically hydrolyzed —

cheese whey

GogL ™Y
Gluconacetobacter xylinus Cashew apple juice (20 g L)
ATCC 53582

%
2

I
2
=
s
=
H

BC yield (g/L)

380

2, e )
“‘1 045489 Jotal protein (8

Cheese whey

Cheese whey
Peptone, yeast

Corn steep liquor
Yeast extract —

Yeast extract,

Soybean molasses —

oo 2
R IR IR

CLARIARLAL 2
R RERTAL

Additives & flask scale (mL) (g L™ day ') Ref.
Acetic acid 25 & 125 0.77 This
study

Acetic acid 25 & 125 0.64 23
Buffer 3 & glass tubes 0.72 38
Ethanol, ammonium 40 & 100 0.83 33
sulphate, buffer

100 & Petri dishes  0.338 39
Buffer Not mentioned 0.51 40
— Not mentioned 0.546 41
— 150 & 300 0.32 22
— 0.25

50 & 250 0.64 42

BC yield (g/L)

Fig. 2 Response surface curves of BC production: (a) total sugar (g L™%) and total protein (g L™); (b) total sugar (g L™) and acetic acid % (v/v); (c) total
sugar (g L™Y and pH; (d) total protein (g L™%) and acetic acid % (v/v); (e) total protein and pH; (f) acetic acid % (v/v) and pH.

which was most pronounced at lower total sugar concentra-
tions. As pH increased, its effect on BC yield became more
significant. Fig. 2d and e illustrate the effects of total protein
and acetic acid concentrations, as well as total protein concen-
tration and pH, on BC production, respectively. The BC yield
increased at lower acetic acid concentrations and higher pH
levels. Similarly, Fig. 2f depicts the interaction between pH and
acetic acid concentration, showing that BC yield was higher at
lower acetic acid concentrations and elevated pH levels.

3.2. BCNC-H synthesis

Cellulose is a polysaccharide with a relatively low negative
charge due to the presence of hydroxyl groups (pK, value of

8942 | Mater. Adv, 2025, 6, 8936-8951

hydroxyl groups, ~12-13.5*%), making it less effective at chela-
tion of charged moieties, specially at lower pH. Previous work
demonstrates that BC interacts with water and its solutes,
enabling one-step hybrid material synthesis and metal
binding.** Modification of BC to include carboxyl groups
(-COOH) enhances these interactions due to the inclusion of
a negative charge to the polymer. To functionalize BC, we used
a Fenton reaction mechanism consisting of an oxidizing agent
(H,0,) and a catalyst (FeSO,-7H,0) to synthesize BCNC-H from
wet BCNC. In the presence of a catalyst such as Fe**, H,0,
dissociates into protons (H'), hydroxyl radicals (OH®), and
H,0,. These highly active OH* radicals attack the -OH groups
on the BCNC surface, leading to the carboxylation of BCNC

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(BCNC-H). Additionally, under acidic conditions, H' ions can
protonate B (1 — 4) glycosidic bonds, resulting in the cleavage
of these linkages and modification of the BC structure. Since
adding H,0, lowers the system’s pH, the initial pH was set to
3.5 to prevent excessive acidification and unwanted degrada-
tion or hydrolysis of BC. In this study, we observed a decrease in
pH from 3.5 to 2.7. The mechanisms of the Fenton reaction are
illustrated in the following equations:*®

Fe*' + H,0, — Fe*' + OH* + OH™ (9)
Fe*" + H,0, — Fe’" + OOH" + H" (10)
OH*® + OH* — H,0, (11)

RCH,OH + OH* — R°*CHOH + H,0 (12)
R*CHOH + H,0, — RCHO + OH* + H,O (13)
RCHO + 20H®* — RCOOH + H,0 (14)

In this study, multiple attempts were made to directly carbox-
ylate BC, rather than BCNC, using the Fenton reaction. How-
ever, the results were weak or inconsistent in confirming the
formation of -COOH groups on the BC surface. Chang and
Chen*® reported weak carboxylation of wet BC using only H,O,,
without the Fenton reaction, however we found that effective
carboxylation occurs only when BCNC is subjected to the
Fenton reaction. This may be attributed to the increased sur-
face area of BCNC compared to BC, allowing a higher percen-
tage of the materials to be exposed to highly active OH®
radicals. Additionally, the dispersion of BCNC in distilled water
significantly improved due to the presence of sulfate groups,
which enhanced electrostatic repulsion. In contrast, BC exhib-
ited strong aggregation around the magnetic stirrer, reducing
the efficiency of the Fenton reaction. Furthermore, the
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duration, temperature, and concentration of H,SO, play a
crucial role in the acidic treatment of BC. Prolonged exposure
and higher temperatures significantly intensified the reaction
between BC and acid, leading to substantial structural changes
in BCNC."" Consequently, the subsequent Fenton reaction
between BCNC and H,0, becomes more aggressive, resulting
in increased material loss. In this study, the yield of BCNC-H
obtained from BC was 66%. In another study, Yan et al.*’
reported the production of BCNC by treating 5 g of wet BC
using 80 mL of 50% (w/w) sulfuric acid for 3 hours at 45 °C,
followed by carboxylation of BCNC through the addition of 8
mL of 30% H,0, and subsequent centrifugation (no heating
was mentioned). In this study, the material cost for producing
1 g of dried BCNC-H using the low-cost medium was 30.6 USD,
which could be further reduced through large-scale production.

3.3. Characterization of BC, BCNC, and BCNC-H and
adsorption experiments

3.3.1. Morphology of BC, BCNC, and BCNC-H. SEM images
illustrate substantial changes in the morphology of BC samples
after H,SO, treatment and the Fenton reaction (Fig. 3(a)-(c)).
Although BCNC and BCNC-H exhibit an entangled and inter-
twined structure similar to BC, there is a significant difference
in the fiber width of the samples (Fig. 3(d)-(f)). While the fiber
width of BC ranges from 40 to 180 nm, BCNC fibers vary
between 20 and 110 nm. This reduction is attributed to the
hydrolysis of glycosidic bonds due to the H,SO, treatment of
BC."?° BCNC-H displays finer fibrils compared to both BC and
BCNC, with fiber diameters ranging from 10 to 37 nm which is
consistent with the literature.">*” The average fiber diameter of
BC, BCNC, and BCNC-H was 90.94 + 24.35 nm, 63.45 +
14.86 nm, and 24.43 + 5.6 nm, respectively. The high standard

80
70
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H
3 40
S
30
20
10
04 ]
0 20 40 60 80 100 120 140 160 180 200 40

Fibers width (nm)

Fibers width (nm)

60 80 ¢ 20 %
Fibers width (nm)

Fig. 3 SEM images of BC (a), BCNC (b), and BCNC-H (c). The Fiber width and normal distribution of BC (d), BCNC (e), and BCNC-H (f).
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deviation of BC is due to the broad range of fiber widths in the
sample. Jafari et al,”® Jacek et al,*® and El-Gendi et al*'
reported fiber widths of BC in the ranges of 35-188 nm,
60-160 nm, and 0-400 nm, respectively.

3.3.2. FTIR. FTIR analysis was used to identify the func-
tional groups and structural changes on the surfaces of both
unmodified and modified BC samples. No significant differ-
ences were observed between the FTIR spectra of BC, BCNC,
and BCNC-H, except for a newly emerged peak at 1734 cm ™,
attributed to ~-COOH groups in BCNC-H.*® Due to the high
oxidative capability of H,0,, the -OH groups at the C-6 position
in glucose were oxidized to -COOH groups (Fig. 4a).*® The peak
at 3340 cm " corresponds to the stretching vibration of ~OH
groups.”® The hydroxyl stretching peak appears sharper in
BCNC-H compared to BC and BCNC, indicating that the Fenton
reaction may have disrupted intramolecular hydrogen bonding
in BC and BCNC, leading to the cleavage of glycosidic bonds
(Fig. 4a).”" Additionally, the peak around 2900 cm ' corre-
sponds to C-H stretching in CH, and CH; groups, while the
peak at 1640 cm™ " is assigned to the bending vibration of ~OH
groups of absorbed water. Moreover, no peak was detected at
the 807 cm ™" band in BCNC and BCNC-H, which corresponds
to the symmetric vibration of the C-S bond in C-O-SO;"
groups. This absence is likely due to the small amount of
sulfate groups on the surface, making them undetectable by
FTIR. Notably, Singhsa et al.,'* Pinto et al.,>* and Arserim-Ucar
et al,'' in FTIR separate studies, also failed to detect the
807 cm ' peak for C-O-SO;~ groups, despite using higher
temperatures, longer reaction times, and greater acid concen-
trations than those used in this study. However, as discussed in
Section 3.3.4., zeta potential data may provide further evidence
of sulfate groups on the BCNC surface.

3.3.3. XRD. XRD analysis was performed to assess the
crystalline structure of the synthesized BC materials. The
characteristic peaks of cellulose Io,> approximately 14.5°

(a)

Intensity

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (¢cm™)
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([r00]), 16.8° ([010]), and 22.7° [110] were observed in all
samples, confirming that the bacterial cellulose crystalline
form was retained after sulfuric acid treatment and Fenton
oxidation. A slight increase in Crl (%) and crystallite size
was observed for BCNC compared to BC, likely due to the
removal of amorphous regions following acidic treatment.'"'?
BCNC-H showed a minor decrease which may be attributed
to the breakdown of the glucopyranose ring or the cleavage
of glycosidic bonds during oxidation, leading to a more dis-
ordered cellulose structure.*®>® Detailed diffraction patterns
and crystallite size data are provided in the SI (Fig. S2 and
Table S2).

3.3.4. Zeta potential of BC, BCNC, and BCNC-H. Surface
charge and degree of ionization of adsorbents play crucial roles
in metal ion adsorption.*® Functionalized materials exhibit
varying surface charges, either negative or positive, depending
on the pH. BC and BCNC follow a similar trend in zeta
potentials, with only slight differences in zeta potential values
across pH from 3 to 9 (Fig. 4b). The more negative surface
charge of BCNC compared to BC is attributed to the acidic
treatment of BC with 50% (w/w) H,SO,, which introduces
-0S0O;™ groups on its surface. However, we didn’t detect any
sulfate group FTIR peak at 807 cm ' on the BCNC surface,
which is possibly due to the small amount. The absolute zeta
potential of BCNC-H is significantly higher than that of BC and
BCNC (Fig. 4b). We attribute the strong negative charge of the
functionalized BC to the presence of -COOH groups on the
BCNC-H surface, introduced via oxidation of BCNC using
the Fenton reaction. At acidic pH values (below the pK, value
of carboxyl groups, ~3-4°°), most carboxyl groups remain
protonated due to the higher concentration of H' ions, result-
ing in a lower surface charge. As the pH increases, the H'
concentration decreases, leading to the ionization of carboxyl
groups (-COOH — -COO™). Consequently, at higher pH values,
the negative surface charge of BCNC-H increases, enhancing its

(b)
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Fig. 4 (a) FTIR spectra and (b) zeta potential of BC (black), BCNC (red), and BCNC-H (blue). The emergence of the peak at 1734 cm~* (FTIR) indicates the

addition of ~COOH groups on BCNC-H.
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electrostatic interactions. The negative surface charge of
BCNC-H is in good agreement with the previous research.'>®

3.3.5. Thermal gravimetric analysis. The thermal behaviors
of BC, BCNC, and BCNC-H were analyzed using TGA and DTG
to evaluate the effects of sulfuric acid treatment and oxidation
on the thermal stability of the BC samples. Each sample
demonstrated three stages of weight loss (Fig. 5a). The first
stage, occurring between 25 °C and 100 °C, corresponds to the
dehydration of adsorbed water, with no significant differences
among the samples (Fig. 5a). The second stage, which accounts
for the primary weight loss, varies significantly between sam-
ples. This degradation is attributed to the decomposition of
glucose units, dehydration, and depolymerization, followed by
the formation of char residues.”® The weight loss during the
second stage was 79%, 74%, and 64% for BC, BCNC, and
BCNC-H, respectively. The DTG curve (Fig. 5b) illustrates varia-
tions in the onset degradation temperature (7,) and maximum
decomposition temperature (Tiax)- As shown in Table 4, T, and
Tmax for BC are significantly higher than those for BCNC and
BCNC-H. The lower thermal stability of BCNC when compared
to BC may be attributed to the presence of sulfate groups on its
surface, which can catalyze dehydration by reducing the activa-
tion energy and increasing the thermal degradation rate.""'>”
Additionally, the presence of thermally unstable -COOH groups
on the surface of BCNC-H further reduced its thermal stability
compared to BCNC. This decrease may be attributed to the
disruption of hydrogen bonding within the cellulose structure
during the formation of carboxyl groups. Furthermore, SEM
images (Fig. 3) show that sulfuric acid treatment and the
Fenton reaction produced fibers with smaller sizes and a
larger specific surface area compared to BC, leading to lower
thermal stability. These results are consistent with the pre-
vious research.'® Nevertheless, despite the decrease in ther-
mal stability of BCNC-H relative to BC, it still demonstrates
sufficient thermal resistance for use in various industrial
applications.

T T T T
0 100 200 300 400 500 600
Temperature (C)

Fig. 5 TGA curves (a) and DTG curves (b) of BC, BCNC, and BCNC-H.
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Table 4 Thermal parameters of the BC, BCNC, and BCNC-H

Sample To (°C) Timax (°C)
BC 306 358
BCNC 249 328
BCNC-H 244 316

3.3.6. Copper ions adsorption. A series of batch experi-
ments were conducted to evaluate the impact of -COOH groups
on Cu”" adsorption. A higher negative surface charge enhances
the chelation with cationic ions. Zeta potential data (Fig. 4b)
revealed that BCNC-H exhibits a higher absolute negative sur-
face charge at pH 5.5 (—37.3 mV) and pH 7 (—37.46 mV)
compared to the other studied pH values. However, due to
the very low solubility product constant (K, = 2.2 x 10~>°) of
Cu(OH),,”® a pH less than 5.8 is required to dissolve 50 mg L™
of copper ions, above which it begins to precipitate. To prevent
precipitation and ensure more accurate adsorption measure-
ments, the experiments were conducted at pH 5, where the zeta
potential of BC and BCNC-H were —19.2 mV and —30.4 mV,
respectively. For both adsorbents (BC and BCNC-H), a lower
dose (2.5 mg) resulted in a higher adsorption capacity com-
pared to higher doses (5 and 10 mg). This may be due to the
increase in unsaturation active surface sites at higher doses. It
is worth noting that the optimal adsorbent dosage may vary
with different concentrations of the copper ions in the solution.
The adsorption capacity of BC at a 2.5 mg dosage reached
60.04 & 6.23 mg g ', whereas BCNC-H exhibited a capacity of
164.17 + 8.07 mg g ' under the same conditions, a 173%
increase (Fig. 6a). While the highest adsorption efficiency for
BC was observed at a 10 mg dosage (22.86%), no significant
difference was observed in the adsorption efficiency of BCNC-H
across different dosages (Fig. 6b). This may be due to the
increase in unsaturation active surface sites at higher doses.
The other possible reason could be particle interactions, such
as aggregation, which reduces the total available surface area
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Fig. 6 (a) Adsorption capacity (mg g3 and (b) adsorption efficiency (%) of BC and BCNC-H for the removal of copper ions.
Table 5 Comparison of copper ion adsorption using different bio adsorbents
Nano/micro cellulose adsorbents Adsorption capacity (mg g™ ") Ref.
BC, carboxylated BCNC 60.04, 164.17 This study
Diethylenetriamine BC 63 62
BC, BC-PHB 14.43, 37.86 63
BC, carboxymethylated BC 9.67, 12.63 59
BC, polyethyleneimine BC 79, 148 13
Carboxylated cellulose nanocrystals 51.1 15
Tempo-oxidized cellulose 75 47
Nanocellulose modified with phosphorylation 117 64
Nanocellulose modified with enzymatic phosphorylation 114
Chemically modified rambutan peel, chemically modified passion fruit peel 192.31, 121.95 65
Alkali-modified watermelon rind 289.85 66

and increases the diffusion path length.’®"°' Table 5 compares

the copper ion adsorption capacities reported in this study with
those from other studies using bacterial cellulose, cellulose, or
other bio-adsorbent materials. The data demonstrate that both
the unmodified and carboxylated BC produced in this work
shows strong potential as sustainable adsorbents for heavy
metal removal. Although fewer studies have explored bacterial
cellulose-based adsorbents compared to plant-derived cellu-
lose. The findings of this study suggest that, with increased
production efficiency and appropriate functionalization, bac-
terial cellulose-based materials could become promising alter-
natives for heavy metal adsorption applications. Nevertheless,
certain limitations should be acknowledged. The adsorption
efficiency is sensitive to solution pH and may decrease in the
presence of competing ions or organic matter, which are typical
components of real wastewater. In addition, the adsorbent has
a finite adsorption capacity, and its performance can decline
after multiple regeneration cycles. Consequently, further
research using complex industrial wastewater is required to
fully assess its practical applicability.

3.3.7. XPS analysis (adsorption mechanism). XPS analysis
was performed to further investigate the chemical changes and
surface functional groups of the adsorbents (BC and BCNC-H).
The survey spectra (Fig. 7a) for both BC and BCNC-H, before

8946 | Mater. Adv., 2025, 6, 8936-8951

and after copper ions adsorption, exhibit characteristic peaks
corresponding to C 1s and O 1s. After copper ions adsorption,
two distinct peaks at approximately 932 and 952 eV were
observed for BCNC-H, indicating the presence of copper. In
contrast, BC displayed only a very weak peak at 932 eV,
suggesting limited copper binding. This weak signal in BC
may be attributed to its lower adsorption capacity compared
to BCNC-H. Moreover, since XPS primarily analyzes the top
3-6 nm of the surface,®” the weaker copper signal in BC could
be due to the penetration of copper ions deeper into its matrix.
As seen in the SEM images (Fig. 3), BC exhibits higher porosity
and thicker fibers than BCNC-H, potentially allowing deeper
diffusion of copper ions and thus reducing their surface
detectability by XPS. The deconvolution of the high-resolution
C 1s spectrum for BC (Fig. 7b) revealed three peaks at 284.8 eV
(C-C, C-H; 33.22%), 286.1 eV (C-O; 39.97%), and 287.2 eV
(0O-C-0, C=0j; 26.81%). In contrast, the C 1s spectrum of
BCNC-H (Fig. 7c) displayed an additional peak at 288.1 eV,
corresponding to O-C=O groups (-COOH), indicating the
successful introduction of carboxyl groups after the Fenton
reaction.®® The peak contributions for BCNC-H were 23.43%
(C-C, C-H), 28.27% (C-0), 34.92% (0O-C-0, C—0), and 13.37%
(O-C=0). The reduction in C-O peak at 286.1 eV may be
attributed to the oxidation of -OH groups into carboxyl groups.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Consequently, this conversion resulted in an increased inten-
sity of the peak at 287.2 eV (O-C-O, C—O0) and the appearance
of a new peak at 288.1 eV. Moreover, the oxidation reaction led
to the cleavage of C-C bonds in p-glucopyranose,®® causing a
decrease in the intensity of the peak at 284.8 eV compared to
BC. The O/C ratios of BC and BCNC-H were 0.55 and 0.68,
respectively, confirming the successful oxidation of BC. After
copper ion adsorption, BCNC-H exhibited Cu 2p XPS peaks at
932.4 and 933.7 eV, corresponding to Cu(u) 2ps/, and Cu(i) 2psys,
respectively, while peaks at 952.1 and 953.5 eV were assigned to
Cu() 2py, and Cu(t) 2py, (Fig. 7d).”° Additionally, the C 1s
spectra of BCNC-H shifted to higher binding energies, indicating
strong chelation of Cu®" ions with oxygen-containing functional
groups (Fig. 7e and f).”%"*

4. Conclusions and outlook

This study demonstrates a sustainable, cost-effective approach
for producing BC by utilizing low-cost agro-industrial waste
substrates such as molasses and cheese whey. The medium
composed of molasses and cheese whey was optimized through
response surface methodology. The optimized conditions
yielded 6.17 4+ 0.19 g L™, significantly outperforming tradi-
tional HS medium (0.9 4 0.08 g L™ "). Post-synthesis modifica-
tions of BC via mild sulfuric acid hydrolysis and the Fenton
reaction enabled the green production of carboxylated bacterial
cellulose nanocrystals (BCNC-H), which exhibited reduced
fiber diameter, increased surface negative charge, and a higher
oxygen-to-carbon ratio. The carboxylation process enhanced the

© 2025 The Author(s). Published by the Royal Society of Chemistry

material’s adsorption capabilities. BCNC-H demonstrated a max-
imum copper ion adsorption capacity of 164.17 & 8.07 mg g,
representing a 173% increase compared to unmodified BC.

The integration of waste valorization, green chemical mod-
ification, and high-performance nanomaterials presents a com-
pelling route toward circular and sustainable water treatment
technologies. This approach not only reduces environmental
pollution by repurposing industrial byproducts but also
enables scalable production of high-performance adsorbents
suitable for industrial and municipal water treatment. Future
work will explore multi-metal adsorption capabilities, regenera-
tion potential, and performance in dynamic flow systems to
assess real-world applicability in wastewater remediation.
Although adsorption kinetics and isotherm models were not
studied, they are vital for understanding the adsorption mecha-
nism and should be explored. Overall, the conversion of low-
cost waste substrates into functionalized BCNC offers a sustain-
able, eco-friendly solution for heavy metal removal.
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